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Abstract We consider the Higgs potential in general-
izations of the Standard Model. The possibility of the
potential to develop two almost degenerate minima is
explored. This would imply that QCD matter at two
distinct sets of quark masses is relevant for astrophysics
and cosmology. If in the exotic minimum the QCD mat-
ter ground state is electromagnetically neutral, dark
matter may consist of QCD matter and antimatter in
bubbles of the Higgs field. We predict an abundance
of γ rays in the few MeV region as messengers of dark
matter regions in space. In addition the ratio of dark
matter to normal matter is expected to show a time
dependence.
Keywords chiral symmetry · Higgs potential · dark
QCD matter · baryon asymmetry
PACS 12.38.-t · 98.80Cq · 12.60-i
1 Introduction
Dark-matter studies receive considerable attention in
fundamental research (see e.g. [1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16]). Various scenarios proposed require new
particles in extensions of the Standard Model (SM) (see
e.g. [1,6]).
The purpose of our Letter is to discuss a possible al-
ternative of such scenarios based on exotic QCD matter.
In a recent work the authors presented a detailed study
suggesting that QCD matter depends crucially on the
Higgs field [17,18,19]. Within the SM the quark masses
in QCD are proportional to the Higgs field. As a con-
sequence, changing its ground state value does change
the quark masses in QCD, however, in a manner that
keeps all quark-mass ratios fixed. In [19] a possible first
ae-mail: m.lutz@gsi.de
order transition along the Higgs field trajectory was dis-
cussed. It is compatible with current QCD lattice sim-
ulations of the baryon ground state masses, but should
be scrutinized by further dedicated QCD lattice stud-
ies.
In Fig. 1 we show our prediction of the baryon masses
along the Higgs trajectory [17,18,19]. The bands in the
plot provide an estimate of uncertainties based on our
Fit 1 and Fit 2 scenarios as discussed in [19]. At fixed
ratio ms/m = 26 the masses are plotted as functions
of the strange quark mass. The key observation is that
within a critical region of the Higgs field, baryonic mat-
ter and antimatter are composed from Λ and Λ¯ particles
rather than from nucleons and anti-nucleons. This fol-
lows from the relation MΛ < MN , which holds at a
specific range of the strange quark mass. We point out
that our dark-matter scenario does not rely necessarily
on a first order transition. Since Λ particles are electro-
magnetically neutral such matter does not radiate and
therefore appears dark. Since the Higgs sector of the
SM drives a possible electroweak phase transition and
underlies baryogenesis models (see e.g [20,21,22,23]) it
is important to explore exotic Higgs sector generaliza-
tions of the SM in more detail. Our dark matter scenario
should not be confused with the quark nugget scenario
proposed by Witten a long time ago [24], in which dark
matter would consist of deeply bound strange objects
in the non-exotic Higgs phase.
2 The Higgs potential
We consider the Higgs sector of the SM [25,26,27,28,29,
20,30,31,23,32,33,34]. At tree-level the Higgs potential
in the SM can be expressed in terms of two parameters
ar
X
iv
:1
90
7.
00
23
7v
4 
 [h
ep
-p
h]
  2
7 M
ar 
20
20
2Fig. 1 Isospin averaged baryon masses as a function of r =
ms/m
phys
s along the Higgs trajectory with 2ms/(mu+md) =
26 kept constant.
only
V (H) =
M2h
2 v2
(
H†H − v
2
2
)2
, (1)
with the complex doublet Higgs field H, the Higgs mass
parameter Mh ' 125.2 GeV and the vacuum expecta-
tion value v ' 246.2 GeV of the Higgs field in its phys-
ical vacuum state [35]. The value of v plays a decisive
role in the QCD part of the SM since all quark masses
are proportional to v. In this work we are interested in
the Higgs potential at H†H ≤ v2, where it is known
that even loop corrections in the SM are sizeable (see
e.g. [25,27,29,30,36,31,37]). Since the Higgs potential
will be affected in most extensions of the SM we fol-
low here a phenomenological path where we explore the
consequence of a fine-tuned potential with two degen-
erate minima. An effective field theory approach that
implies two degenerate minima would require at least
(H†H)3 and (H†H)4 operators. Consider the specific
form
V(H) =
2M2h
v6 (1− r2)2
(
H†H − v
2
2
)2 (
H†H − v
2
a
2
)2
,
and r = va/v = ms/m
phys
s , (2)
with va the vacuum expectation value of the Higgs field
at the exotic minimum. By construction, the model po-
tential (2) has two degenerate minima. At its physical
one it recovers the empirical mass of the Higgs. The ra-
tio r = va/v determines the strange quark mass in the
exotic minimum.
The puzzle with (2) is that it may be unnatural
in the size of its dimension-full operators. However, we
may recast the problem by considering loop corrections
(see e.g [25,27,30]). In the presence of multi-loop effects
we may use the phenomenological ansatz
V(H) =
M2h
2 v2 [log(γ + r2)− log(γ + 1)]2
(
H†H − v
2
2
)2
×
(
log
[
γ + 2H†H/v2
]− log[γ + r2])2 , (3)
where the particular form of the log term with the pa-
rameter γ is taken from [31]. There the value γ = 0.1
is used. We note that the Higgs sector is the least con-
trolled part of the SM and therefore may be subject to
significant model modifications.
According to Fit 1 and Fit 2 we expect dark QCD
matter in the range 0.39 < r < 0.57 and 0.39 < r <
0.54 respectively. The critical values are close to those
as derived in [19] on the unphysical trajectory where
mu+md is kept constant. In Fig. 2 we plot the effective
potentials of (1-3) as a function of
√
2H†H/v for the
particular choice r = 0.45. The two degenerate minima
are clearly visible for any of the three choices γ = 0.1,
γ = 0.2 and γ = 0.3. With the parameter γ we can effi-
ciently dial the magnitude of the Higgs potential close
to the origin. In the vicinity of the two local minima
we find a rather mild dependence on the form of our
parametrization. The polynomial ansatz (2) or the log
form (3) lead to almost indistinguishable results. We
emphasize that both models are compatible with em-
pirical constraints on the Higgs potential as discussed
in [38]. For instance at r = 0.45 we extract from (2) and
(3) the range 3.8 < κλ < 6 for the three Higgs coupling
constant κλ. This is well compatible with the empirical
2-σ interval −5.0 < κλ < 12.1 from ATLAS [38]. Our
estimate excludes the SM value κλ = 1.
One may object to such a fine-tuned Higgs potential.
However, we wish to recall that there are ample cases
in physics in which a system is driven by fine-tuned
dynamical assumptions. In particular the SM itself has
various fine-tuning issues already. At this stage of the
development we would not worry too much. Rather, we
discuss in some detail the consequences of a possible
dark QCD matter scenario.
Dark matter is believed to account for approximately
85% of the matter in the universe (see e.g. [39]). How
would we arrive at such a ratio in our scenario? We
may assume here that the universe reheats above the
electroweak scale after inflation. Alternative scenarios,
where for instance the energy scale of inflation is around
the electroweak scale (see e.g. [40]), are not considered
here. Then the universe is baryon matter dominated al-
ready when the electrocweak symmetry is restored with
H = (0, 0) (see e.g. [41,42,43,44,31]). As the tempera-
ture lowers further our effective Higgs potential should
take over. Here it is important to estimate the size
of thermal effects. In the limiting case of sufficiently
large T they are proportional to T 2 V ′′(H) (see [45]).
3Fig. 2 A Higgs potential with two local minima as intro-
duced in (2) and (3). It is compared with the tree-level po-
tential of the SM (1).
Contrary to the SM, the finite temperature effect on
the generalized Higgs potential is not monotonic in the
Higgs field. From its functional form as modeled in Fig.
2 we expect the two local minima to merge to one global
minimum. This is so since our two minima imply mul-
tiple sign changes in V ′′(H). Thus, at this stage of the
cosmic evolution, matter sits in a ’conventional’ Higgs
field condensate. Only as we further lower the temper-
ature, the additional exotic minimum will turn visible.
We do not see any strong hint that in the electroweak
era of the cosmic evolution any seed of dark matter is
formed.
At the QCD scale T ∼ 1 GeV thermal effects from
quarks and gluons will dominate the temperature ef-
fects in the Higgs potential. Here the competetion of
the two possible Higgs phases is more intricate. Despite
our assumption on the almost degeneracy of the two
Higgs phases at zero temperature, there will be a sig-
nificant asymmetry from the dynamics of quarks and
gluons. It is safe to assume a vanishing baryon chemi-
cal potential and consider the difference of the pressure
densities in the two available local minima. The exotic
Higgs phase phase wins here, since it is characterized
by quark masses that are about twice as small as those
in the normal phase. This is illustrated in Fig. 3, where
the difference in the pressure densities of the two Higgs
phases is shown as a function of the temperature T .
At T = 1 GeV that difference of about ∆pQCD ' 28
GeV/fm3 is dominated by the presence of the heavy
quark. If we ignored the charm quark the corresponding
value would be ∆pQCD ' 0.28 GeV/fm3. The compu-
tation follows from a non-interaction fermi gas ansatz
for the quark-gluon-plasma phase of QCD, which may
serve as a rough estimate. Note that, the contributions
from gluon degrees of freedom cancel out in the consid-
Fig. 3 Difference of the pressure densities, ∆pQCD, in the
two Higgs phases as a function of temperature. We use
mu,d = 4 MeV, ms = 26mu,d and mc = 12ms with r =
0.45.
ered difference, at least approximatly [46,47]. Thus the
results are determined by the quark masses in the two
phases and the temperature only. In the limit of large
temperatures we find, ∆p
(q)
QCD ' (1− r2) 4m2q T 2, for a
given quark flavor of mass mq. In the non-exotic phase
we used isospin averaged values of m = 4 MeV for the
up and down quark masses, ms = 26m for the strange
quark mass and mc = 12ms for the charm quark mass.
The corresponding masses in the exotic phase are im-
plied by the ratio parameter r = 0.45. Altogether, the
exotic phase wins here and therefore exotic Higgs bub-
bles will start to form.
Eventually the formation of such exotic bubbles will
stop as the temperature is further reduced. We expect
this to happen after QCD changed its degrees of free-
dom from quarks and gluons to hadrons at tempera-
tures T < 150 MeV. Thus, altogether we suggest that
dark baryonic matter is formed via a first-order phase
transition taking place in the quark-gluon plasma era
of the cosmic evolution. To reach the target of 15% or-
dinary to dark matter ratio appears realistic, however,
requires detailed knowledge of QCD dynamics during
that phase transition. A significant estimate of that ra-
tio requires a quantitative study of the evolution pro-
cess. That is beyond the scope of the current work.
If the exotic minimum in the Higgs potential is slightly
metastable at zero temperature, we expect a scenario
where the vacuum shows bubbles with dark QCD mat-
ter inside, but normal QCD matter outside. Inside the
bubbles the matter or antimatter ground states consist
of Λ or Λ¯ particles, however with exotic properties as
shown by Fig. 1.
Let us explore the stability of a possible Higgs bub-
ble. Since the boundary of such a bubble stores a sig-
nificant amount of energy, there is a tendency that such
4Fig. 4 The radius and Fermi momentum as a function of N
at fixed ∆. Note that NSun 'MSun/MNucleon ' 1.2×1057.
a bubble shrinks or even collapses. From Fig. 2 we esti-
mate the energy density
Higgs ' 1.1× 109 GeV/fm3 (4)
from the Higgs potential taking in-between its two min-
ima. We now assume a Higgs bubble with spherical ge-
ometry characterized by a radius R and a surface thick-
ness d. That implies the total surface energy
Esurface = 4pi dR
2 Higgs + 4piR
2 (∆v)2/d , (5)
where the second term in (5) follows from the kinetic
term of the Higgs field. From Fig. 2 we can read off
the change of the Higgs field across the surface with
(∆v)2 ' v2/8. We estimate the bulk energy by a free-
Fermi gas approximation
Ebulk =
(
MΛ,in +
3
10
k2F /MΛ,in
)
N +
4pi R3
3
∆
−3
5
M2Λ,in
R
GN2 ,
N =
4 (RkF )
3
9pi
, (6)
with the gravitational constantG ' 6.709×10−39 GeV−2
and N the total number of Λ’s in the Higgs bubble.
Their Fermi momentum is denoted by kF with ρ =
k3F /(3pi
2), where ρ specifies the dark-matter density in
the bubble. We parameterize a supposedly small differ-
ence in the vacuum energy densities at the two Higgs
minima by ∆ > 0, where we assume the dark-matter
vacuum to be slightly disfavored.
A Higgs bubble can be stable provided that it en-
closes a sufficient amount of dark matter. We can make
this more quantitative by a minimization of its energy
E = Ebulk + Esurface with respect to the surface thick-
ness d and the radius R at a fixed value of the total
number of Λ’s in the bubble. From this we find the two
Fig. 5 The energy per particle EΛ/N as a function of N at
fixed ∆. Note that NSun 'MSun/MNucleon ' 1.2× 1057.
relations,
d '
√
(∆v)2/Higgs ' 6× 10−3 fm ,
1
R
+
R2Gk6F M
2
Λ,in
135pi2 d Higgs
=
∆
4 d Higgs
×
(
k5F
15pi2MΛ,in∆
− 1
)
. (7)
This implies that at given kF it follows that ∆ must
be smaller than a critical value,
∆ < ∆crit =
k5F
15pi2MΛ,in
, (8)
as to keep the dark-matter bubble stable. We checked
that all second derivatives are positive so that with (7)
we have at least a local minimum of the dark matter
system (5, 6). In Fig. 4 we show the radius, R, and
Fermi momentum, kF , of the Higgs bubble as a function
of N at various fixed values of ∆. Within the range
1031 < N < 1057 the value of kF < 250 MeV is small
enough to justify our free-Fermi gas approximation. We
expect our results to hold at the qualitative level.
It is left to check whether such a dark matter Higgs
bubble is stable with respect to a decay into a more
conventional object consisting out of normal baryonic
matter. A useful quantity to consider is the energy per
particle in the bubble, (Esurface +Ebulk)/N , with d and
R as given in (7). In Fig. 5 we show such a dependence
at various fixed values of ∆. The energy per particle
is significantly smaller than the free nucleon mass and
therefore, at least in the region 1031 < N < 1057, where
the effects from gravity are not dominating the system
yet, there is no phase-space available for such a decay.
As an example consider N = Msun/MN ' 1.2×1057
for which it follows R ' 16 km and kF ' 250 MeV
at ∆ = 0. The particle density with ρ ' 0.07 fm−3
would be sufficiently small as to justify the application
of the free-Fermi gas approximation. As we further in-
crease N > NSun the dark matter will turn more dense
5and will be sensitive to the equation of state of the Λ
particles in the Higgs bubble. It would be important
to establish the latter from QCD and to derive mass
limits for the dark matter bubbles. Here the Tolman-
Oppenheimer-Volkoff equation has to be supplemented
by a suitable boundary condition at the Higgs bubble
surface. This may open the possibility for the existence
of massive compact objects, with properties distinct to
those of neutron stars and/or black holes of unconven-
tionally small masses [48].
In a meson-exchange phenomenology, the repulsive
omega-meson exchange process is expected to domi-
nate the short-range interaction of Λ particles in the
Higgs bubble. Due to the approximate isospin conserva-
tion, pion- and rho-meson exchange processes are sup-
pressed. It remain the eta-meson exchange and the two-
pion exchange contributions, which may bring in some
weak intermediate-range attractive forces [49,50,51].
While there appears to be a rather weak net attrac-
tion at the physical point [51,52,53,54] available studies
suggest a sizeable quark-mass dependence thereof [49,
55,53,54]. We conclude that at the exotic Higgs mini-
mum, that comes at much smaller up and down quark
masses, there is little evidence to expect this weak at-
traction to survive. Whether and how massive dark-
matter clusters form depends on the subtle balance of
the gravitational force and the short-range strong in-
teractions in the Higgs bubble.
We conclude that in any case the typical dark-matter
density in a Higgs bubble should be significantly larger
than the density of a cold interstellar medium, which is
characterized by a baryon-number density smaller than
about 106/cm3. In this context we discuss the so-called
Bullet Cluster [56,57]. While the radial velocity distri-
butions of stars inside a galaxy or data on gravitational
lensing effects (see e.g. [58,39,59,8,60]) put constraints
on the dark matter distributions in and outside galax-
ies, more significant information on the possible nature
of dark matter is set by the observation of collisions of
galaxy clusters [56,57]. It is found that in such a col-
lision there is no direct hint pointing at any sizeable
interaction of dark matter with ordinary matter [57].
In this context we have to discuss how a Higgs bubble
interacts with protons from the intergalactic hot gas.
The relative velocity of the two colliding galaxies in
[56] is of the order of 4500 km/s. An intergalactic gas
of temperature T ' 6 keV implies a typical proton ve-
locity of about 1300 km/s. Thus most of the protons
from the gas do not have sufficient kinetic energy to
invade the bubble. In turn there will be no strong in-
teraction effects visible. Second we need to consider the
case where Higgs bubbles from the two galaxies collide.
The chance that this happens depends on the typical
size of such bubbles, which are not well constrained at
this stage. They depend on the details of the Higgs po-
tential, in particular the size of ∆ term, and a cosmo-
logical model. The smaller the typical size of the Higgs
bubbles, the smaller the likelihood that such a process
turns relevant in a galaxy merger event. Even if two
bubbles start to overlap, we would expect that the two
bubbles merge into a larger one, since this reduces the
energy stored in their surface. The residual interaction
of the Lambda particles with kinetic energies of at most
a few MeV should be dominated by elastic processes. In
turn we do not see any reason to expect a strong visible
effect of the dark matter component in such a galaxy
collision event.
Last, we turn to a most interesting process where
a sufficiently energetic cosmic proton tries to enter a
dark-matter region in space with relative velocity, vp.
Note that, depending on the energy such a proton may
be even trapped inside the dark-matter bubble and
therefore the ratio of dark matter to normal matter is
expected to show a time dependence in our dark-matter
scenario [61]. According to Fig. 1 the nucleon mass in-
side the bubble is only up 10 MeV = ∆MN larger than
its mass outside the bubble. Thus on the way into the
bubble the nucleon has to either transfer momentum
to the Higgs bubble and/or radiate photons. Such a
Bremsstrahlung spectrum should be limited to γ rays
with energies less than that 10 MeV. Here a crucial pa-
rameter is the acceleration, a ' (c2/γ2p)∆MN/(dMN ) '
8×1023 (c/γ2p)/s, of the proton across the Higgs bubble
surface, since its total radiation power is proportional to
a2 γ4p with γp = (1−v2p/c2)−1/2. To this extent our Higgs
bubbles glim with a characteristic spectrum which de-
pends on the details of the Higgs potential.
So far we made a rough estimate for the flux of sub
MeV photons. To be explicit, we assumed a dark mat-
ter bubble of radius 16 km moving with 4500 km/sec
through an inter galactic gas of 6 keV temperature
inside the bullet cluster. For this, the integrated X-
ray flux arriving at a detector on the earth is 10−48
Watt/cm2. It is instructive to confront this value with
the integrated flux of 5.6× 10−19 Watt/cm2 for X-rays
with (0.1-2.4) keV from the Bullet Cluster [56,57]. Our
corresponding estimate for integrated X-ray flux from
dark matter bubbles is less than 10−36 Watt/cm2, i.e.
down by 17 orders of magnitude. A similar value we pre-
dict from the photon emission of a corresponding single
dark matter bubble in the Milky Way, for which we
estimate the rate to be smaller than 10−38 Watt/cm2.
It is not very likely that such dark matter photons
can be detected with satellite-based detectors like e-
Astrogram or AMEGO [62,63,64]. In particular, we
note that so far there is gamma ray data in the (1-
610) MeV region available with quite large uncertainties
only.
3 Summary and conclusions
We constructed a phenomenological Higgs potential with
two degenerate local minima. It was argued that such
a generalization of the SM may lead to dark QCD mat-
ter that lives in bubbles of the Higgs field, with nor-
mal QCD matter outside and dark QCD matter inside.
Within the bubbles we expect exotic Λ and Λ¯ particles,
that are formed by QCD at unconventionally small up,
down and strange quark masses. We predict an abun-
dance of γ rays in the few MeV region as messengers
of dark matter regions in space. In addition the ratio
of dark matter to normal matter is expected to show a
time dependence.
It would be interesting to further scrutinize the dark
QCD matter scenario proposed here. With current QCD
lattice techniques it is possible to substantiate or rule
out such a scenario by further studies of the strange
quark-mass dependence of the nucleon and Λ baryon
masses. It would be important to establish a more fun-
damental framework in which such an exotic Higgs po-
tential is implied.
Acknowledgements Bengt Friman, Hans Feldmeier, Gre-
gor Kasieczka, Evgeny Kolomeitsev, Thomas Mannel, Guy
Moore, Walter Scho¨n, Madeleine Soyeur, Christian Sturm
and David Urner are acknowledged for stimulating discus-
sions. Y. H. received partial support from Suranaree Univer-
sity of Technology, Office of the Higher Education Commis-
sion under NRU project of Thailand (SUT-COE: High Energy
Physics and Astrophysics) and SUT-CHE-NRU (Grant No.
FtR.11/2561).
References
1. G. Bertone, D. Hooper, J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rept. 405
(2005) 279–390. arXiv:hep-ph/0404175, doi:10.1016/
j.physrep.2004.08.031.
2. M. Rocha, A. H. G. Peter, J. S. Bullock, M. Kaplinghat,
S. Garrison-Kimmel, J. Onorbe, L. A. Moustakas, Cos-
mological Simulations with Self-Interacting Dark Matter
I: Constant Density Cores and Substructure, Mon. Not.
Roy. Astron. Soc. 430 (2013) 81–104. arXiv:1208.3025,
doi:10.1093/mnras/sts514.
3. S. Tulin, H.-B. Yu, K. M. Zurek, Beyond Collisionless
Dark Matter: Particle Physics Dynamics for Dark Mat-
ter Halo Structure, Phys. Rev. D87 (11) (2013) 115007.
arXiv:1302.3898, doi:10.1103/PhysRevD.87.115007.
4. K. Petraki, R. R. Volkas, Review of asymmetric dark
matter, Int. J. Mod. Phys. A28 (2013) 1330028. arXiv:
1305.4939, doi:10.1142/S0217751X13300287.
5. C. Gordon, O. Macias, Dark Matter and Pulsar Model
Constraints from Galactic Center Fermi-LAT Gamma
Ray Observations, Phys. Rev. D88 (8) (2013) 083521,
[Erratum: Phys. Rev.D89,no.4,049901(2014)]. arXiv:
1306.5725, doi:10.1103/PhysRevD.88.083521,10.1103/
PhysRevD.89.049901.
6. L. Hui, J. P. Ostriker, S. Tremaine, E. Witten, Ultra-
light scalars as cosmological dark matter, Phys. Rev.
D95 (4) (2017) 043541. arXiv:1610.08297, doi:10.1103/
PhysRevD.95.043541.
7. B. Carr, F. Kuhnel, M. Sandstad, Primordial Black Holes
as Dark Matter, Phys. Rev. D94 (8) (2016) 083504.
arXiv:1607.06077, doi:10.1103/PhysRevD.94.083504.
8. P. F. de Salas, K. Malhan, K. Freese, K. Hattori, M. Val-
luri, On the estimation of the Local Dark Matter Den-
sity using the rotation curve of the Milky WayarXiv:
1906.06133.
9. P. Montero-Camacho, X. Fang, G. Vasquez, M. Silva,
C. M. Hirata, Revisiting constraints on asteroid-mass pri-
mordial black holes as dark matter candidates, JCAP
1908 (2019) 031. arXiv:1906.05950, doi:10.1088/
1475-7516/2019/08/031.
10. H. Grote, Y. V. Stadnik, Novel signatures of dark
matter in laser-interferometric gravitational-wave detec-
torsarXiv:1906.06193.
11. Y. Bai, N. Orlofsky, Primordial Extremal Black Holes as
Dark MatterarXiv:1906.04858.
12. S. Savastano, L. Amendola, J. Rubio, C. Wetterich, Pri-
mordial dark matter halos from fifth-forcesarXiv:1906.
05300.
13. C. E. Alvarez-Salazar, O. L. G. Peres, B. L. Sa´nchez-
Vega, The dark matter puzzle in a class of models with
gauge symmetry SU(3)C ⊗ SU(3)L ⊗ U(1)N , Astron.
Nachr. 340 (1-3) (2019) 135–138. doi:10.1002/asna.
201913577.
14. A. R. Romero Castellanos, C. E. Alvarez-Salazar, B. L.
Sa´nchez-Vega, Constraints on axionic dark matter in the
3-3-1 model, Astron. Nachr. 340 (1-3) (2019) 131–134.
doi:10.1002/asna.201913576.
15. S. V. Ketov, Y. Aldabergenov, Inflation, dark energy, and
dark matter in supergravity, Astron. Nachr. 340 (1-3)
(2019) 126–130. doi:10.1002/asna.201913575.
16. M. De Napoli, Production and Detection of Light Dark
Matter at Jefferson Lab: The BDX Experiment, Universe
5 (5) (2019) 120. doi:10.3390/universe5050120.
17. M. F. M. Lutz, R. Bavontaweepanya, C. Kobdaj,
K. Schwarz, Finite volume effects in the chiral extrapola-
tion of baryon masses, Phys. Rev. D90 (5) (2014) 054505.
arXiv:1401.7805, doi:10.1103/PhysRevD.90.054505.
18. M. F. M. Lutz, Y. Heo, X.-Y. Guo, On the convergence of
the chiral expansion for the baryon ground-state masses,
Nucl. Phys. A977 (2018) 146–207. arXiv:1801.06417,
doi:10.1016/j.nuclphysa.2018.05.007.
19. X.-Y. Guo, Y. Heo, M. F. M. Lutz, On a first order tran-
sition in QCD with up, down and strange quarksarXiv:
1907.00714.
20. A. Noble, M. Perelstein, Higgs self-coupling as a probe
of electroweak phase transition, Phys. Rev. D78 (2008)
063518. arXiv:0711.3018, doi:10.1103/PhysRevD.78.
063518.
21. Q.-H. Cao, F. P. Huang, K.-P. Xie, X. Zhang, Test-
ing the electroweak phase transition in scalar extension
models at lepton colliders, Chin. Phys. C42 (2) (2018)
023103. arXiv:1708.04737, doi:10.1088/1674-1137/42/
2/023103.
22. A. Kobakhidze, L. Wu, J. Yue, Electroweak Baryogenesis
with Anomalous Higgs Couplings, JHEP 04 (2016) 011.
arXiv:1512.08922, doi:10.1007/JHEP04(2016)011.
723. M. Reichert, A. Eichhorn, H. Gies, J. M. Pawlowski,
T. Plehn, M. M. Scherer, Probing baryogenesis through
the Higgs boson self-coupling, Phys. Rev. D97 (7) (2018)
075008. arXiv:1711.00019, doi:10.1103/PhysRevD.97.
075008.
24. E. Witten, Cosmic Separation of Phases, Phys. Rev. D30
(1984) 272–285. doi:10.1103/PhysRevD.30.272.
25. S. R. Coleman, E. J. Weinberg, Radiative Corrections
as the Origin of Spontaneous Symmetry Breaking, Phys.
Rev. D7 (1973) 1888–1910. doi:10.1103/PhysRevD.7.
1888.
26. S. R. Coleman, The Fate of the False Vacuum. 1.
Semiclassical Theory, Phys. Rev. D15 (1977) 2929–2936,
[Erratum: Phys. Rev.D16,1248(1977)]. doi:10.1103/
PhysRevD.15.2929,10.1103/PhysRevD.16.1248.
27. S. P. Martin, A Supersymmetry primer, Adv. Ser.
Direct. High Energy Phys. 18 (1998) 1–98. arXiv:
hep-ph/9709356, doi:10.1142/9789812839657_0001,10.
1142/9789814307505_0001.
28. G. Isidori, G. Ridolfi, A. Strumia, On the metastabil-
ity of the standard model vacuum, Nucl. Phys. B609
(2001) 387–409. arXiv:hep-ph/0104016, doi:10.1016/
S0550-3213(01)00302-9.
29. C. Grojean, G. Servant, J. D. Wells, First-order elec-
troweak phase transition in the standard model with
a low cutoff, Phys. Rev. D71 (2005) 036001. arXiv:
hep-ph/0407019, doi:10.1103/PhysRevD.71.036001.
30. D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giu-
dice, F. Sala, A. Salvio, A. Strumia, Investigating the
near-criticality of the Higgs boson, JHEP 12 (2013) 089.
arXiv:1307.3536, doi:10.1007/JHEP12(2013)089.
31. M. Spannowsky, C. Tamarit, Sphalerons in com-
posite and non-standard Higgs models, Phys. Rev.
D95 (1) (2017) 015006. arXiv:1611.05466, doi:10.1103/
PhysRevD.95.015006.
32. X. Gan, A. J. Long, L.-T. Wang, Electroweak sphaleron
with dimension-six operators, Phys. Rev. D96 (11) (2017)
115018. arXiv:1708.03061, doi:10.1103/PhysRevD.96.
115018.
33. B. Jain, S. J. Lee, M. Son, Validity of the effective po-
tential and the precision of Higgs field self-couplings,
Phys. Rev. D98 (7) (2018) 075002. arXiv:1709.03232,
doi:10.1103/PhysRevD.98.075002.
34. J. Braathen, S. Kanemura, On two-loop corrections to
the Higgs trilinear coupling in models with extended
scalar sectors, Phys. Lett. B796 (2019) 38–46. arXiv:
1903.05417, doi:10.1016/j.physletb.2019.07.021.
35. M. Tanabashi, et al., Review of Particle Physics, Phys.
Rev. D98 (3) (2018) 030001. doi:10.1103/PhysRevD.98.
030001.
36. C. Tamarit, Higgs vacua with potential barriers, Phys.
Rev. D90 (5) (2014) 055024. arXiv:1404.7673, doi:10.
1103/PhysRevD.90.055024.
37. Y. Hamada, Higgs potential and naturalness after the
Higgs discovery, Ph.D. thesis, Kyoto U. (2016).
38. M. Cepeda, et al., Higgs Physics at the HL-LHC and
HE-LHCarXiv:1902.00134.
39. J. de Swart, G. Bertone, J. van Dongen, How
Dark Matter Came to Matter, Nature As-
tron. 1 (2017) 0059. arXiv:1703.00013, doi:
10.1038/s41550017-0059,10.1038/s41550-017-0059.
40. K. Enqvist, T. Meriniemi, S. Nurmi, Generation of
the Higgs Condensate and Its Decay after Inflation,
JCAP 1310 (2013) 057. arXiv:1306.4511, doi:10.1088/
1475-7516/2013/10/057.
41. C. Jarlskog, Commutator of the Quark Mass Matrices
in the Standard Electroweak Model and a Measure of
Maximal CP Violation, Phys. Rev. Lett. 55 (1985) 1039.
doi:10.1103/PhysRevLett.55.1039.
42. M. E. Shaposhnikov, Possible Appearance of the Baryon
Asymmetry of the Universe in an Electroweak Theory,
JETP Lett. 44 (1986) 465–468, [Pisma Zh. Eksp. Teor.
Fiz.44,364(1986)].
43. M. B. Gavela, P. Hernandez, J. Orloff, O. Pene, Standard
model CP violation and baryon asymmetry, Mod. Phys.
Lett. A9 (1994) 795–810. arXiv:hep-ph/9312215, doi:
10.1142/S0217732394000629.
44. G. W. S. Hou, Source of CP Violation for the Baryon
Asymmetry of the Universe, Int. J. Mod. Phys. D20
(2011) 1521–1532. arXiv:1101.2161, doi:10.1142/
S0218271811019694.
45. L. Dolan, R. Jackiw, Symmetry Behavior at Finite Tem-
perature, Phys. Rev. D9 (1974) 3320–3341. doi:10.1103/
PhysRevD.9.3320.
46. D. A. Fogaca, F. S. Navarra, Gluon condensates in a
cold quarkgluon plasma, Phys. Lett. B700 (2011) 236–
242. arXiv:1012.5266, doi:10.1016/j.physletb.2011.
05.011.
47. S. M. Sanches, F. S. Navarra, D. A. Fogaa, The quark
gluon plasma equation of state and the expansion of the
early Universe, Nucl. Phys. A937 (2015) 1–16. arXiv:
1410.3893, doi:10.1016/j.nuclphysa.2015.02.004.
48. T. A. Thompson, et al., A noninteracting low-mass black
hole–giant star binary system, Science 366 (6465) (2019)
637–640. doi:10.1126/science.aau4005.
49. K. Sasaki, E. Oset, M. J. Vicente Vacas, Scalar Lambda
N and Lambda Lambda interaction in a chiral unitary ap-
proach, Phys. Rev. C74 (2006) 064002. arXiv:nucl-th/
0607068, doi:10.1103/PhysRevC.74.064002.
50. H. Polinder, J. Haidenbauer, U. G. Meißner, Strangeness
S = -2 baryon-baryon interactions using chiral effective
field theory, Phys. Lett. B653 (2007) 29–37. arXiv:0705.
3753, doi:10.1016/j.physletb.2007.07.045.
51. E. Bauer, G. Garbarino, C. A. Rodrguez Pen˜a, Non-
mesonic weak decay of double-Λ hypernuclei: A micro-
scopic approach, Phys. Rev. C92 (1) (2015) 014301. doi:
10.1103/PhysRevC.92.014301.
52. J. Haidenbauer, U.-G. Meißner, S. Petschauer,
Strangeness S = 2 baryonbaryon interaction at
next-to-leading order in chiral effective field theory,
Nucl. Phys. A954 (2016) 273–293. arXiv:1511.05859,
doi:10.1016/j.nuclphysa.2016.01.006.
53. K. Sasaki, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, T. In-
oue, N. Ishii, K. Murano, Coupled-channel approach to
strangeness S = 2 baryonbayron interactions in lattice
QCD, PTEP 2015 (11) (2015) 113B01. arXiv:1504.
01717, doi:10.1093/ptep/ptv144.
54. K. Sasaki, S. Aoki, T. Doi, S. Gongyo, T. Hatsuda,
Y. Ikeda, T. Inoue, T. Iritani, N. Ishii, T. Miyamoto,
Lattice QCD studies on baryon interactions in the
strangeness -2 sector with physical quark masses, EPJ
Web Conf. 175 (2018) 05010. doi:10.1051/epjconf/
201817505010.
55. S. R. Beane, et al., Present Constraints on the H-dibaryon
at the Physical Point from Lattice QCD, Mod. Phys.
Lett. A26 (2011) 2587–2595. arXiv:1103.2821, doi:
10.1142/S0217732311036978.
56. D. Clowe, A. Gonzalez, M. Markevitch, Weak-lensing
mass reconstruction of the interacting cluster 1e 0657-
558: Direct evidence for the existence of dark matter,
Astrophys. J. 604 (2004) 596–603. doi:10.1086/381970.
57. M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin,
W. Forman, C. Jones, S. Murray, W. Tucker, Direct con-
straints on the dark matter self-interaction cross section
8from the merging galaxy cluster 1e 0657-56, Astrophys.
J. 606 (2) (2004) 819–824. doi:10.1086/383178.
58. A. B. Newman, T. Treu, R. S. Ellis, D. J. Sand,
J. Richard, P. J. Marshall, P. Capak, S. Miyazaki, The
Distribution of Dark Matter Over 3 Decades in Radius in
the Lensing Cluster Abell 611, Astrophys. J. 706 (2009)
1078–1094. arXiv:0909.3527, doi:10.1088/0004-637X/
706/2/1078.
59. Posti, Lorenzo, Helmi, Amina, Mass and shape of the
milky way´s dark matter halo with globular clusters
from gaia and hubble, A&A 621 (2019) A56. arXiv:
1805.01408, doi:10.1051/0004-6361/201833355.
URL https://doi.org/10.1051/0004-6361/201833355
60. N. C. Relatores, A. B. Newman, J. D. Simon, R. Ellis,
P. Truong, L. Blitz, A. Bolatto, C. Martin, P. Morris-
sey, The Dark Matter Distributions in Low-Mass Disk
Galaxies. I. Hα Observations Using the Palomar Cos-
mic Web Imager, Astrophys. J. 873 (1) (2019) 5. arXiv:
1902.09629, doi:10.3847/1538-4357/ab0382.
61. R. Genzel, et al., Strongly baryon-dominated disk galax-
ies at the peak of galaxy formation ten billion years
ago, Nature 543 (2017) 397. arXiv:1703.04310, doi:
10.1038/nature21685.
62. R. Hill, K. W. Masui, D. Scott, The Spectrum of the
Universe, Appl. Spectrosc. 72 (5) (2018) 663–688. arXiv:
1802.03694, doi:10.1177/0003702818767133.
63. R. Caputo, et al., All-sky Medium Energy Gamma-
ray Observatory: Exploring the Extreme Multimessenger
UniversearXiv:1907.07558.
64. L. Oakes, et al., Combined Dark Matter searches towards
dwarf spheroidal galaxies with Fermi-LAT, HAWC,
HESS, MAGIC and VERITASarXiv:1909.06310.
